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©  TDMA  communications  between  satellites,  with  distance  dependant  transmission  duration. 

©  A  network  (10)  of  satellites  (12)  delivers  commu- 
nications  through  bi-directional  communication  links 
(16)  between  individual  ones  of  the  satellites.  Each 
satellite  terminates  a  plurality  of  links  (16).  All  sat- 
ellites  are  synchronized  (60)  to  recognize  a  constant 
duration  frame  (52)  structure.  For  each  link  (16)  in 
the  network  (10),  satellites  at  both  ends  of  the  link 
(16)  simultaneously  transmit  data  communications 
into  their  respective  ends  of  the  link  (16)  using  the 
same  frequency  band.  Transmissions  into  all  links 
(16)  supported  by  a  satellite  occur  simultaneously. 
The  transmissions  continue  (78)  for  a  duration  that  is 
responsive  to  the  distance  between  the  satellites. 
Transmissions  cease  (80)  for  all  links  (16)  supported 
by  a  satellite  when  the  communications  from  the 
opposing  link  nodes  have  nearly  propagated  the 
entire  distances  between  the  satellites.  After  ceasing 
transmissions,  each  satellite  receives  the  commu- 
nications  previously  transmitted  from  the  opposing 
satellites  (12)  into  the  links  (16)  therebetween. 
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TECHNICAL  FIELD  OF  THE  INVENTION 

The  present  invention  relates  generally  to  com- 
munication  systems.  More  specifically,  the  present 
invention  relates  to  such  systems  which  utilize  time 
division  multiple  access  (TDMA)  techniques  for  en- 
gaging  in  bi-directional  communications. 

BACKGROUND  OF  THE  INVENTION 

Bi-directional  communications  may  use  com- 
munication  links  or  channels  through  which  signals 
are  delivered.  Such  signals  may  be  sent  over 
wires,  optical  fibers,  or  be  modulated  for  delivery 
through  space  in  the  form  of  RF  communications 
or  for  delivery  through  water  or  air  in  the  form  of 
acoustic  communications.  Bi-directional  communi- 
cations  address  interference  problems.  For  exam- 
ple,  when  two  nodes  exchange  communications, 
each  node  must  be  able  to  distinguish  its  own 
transmitted  signals  from  the  signals  transmitted  by 
the  other  node. 

Conventional  bi-directional  communications 
contemplate  full  duplex  or  half  duplex  operation. 
Full  duplex  operation  uses  two,  oppositely  directed, 
simplex  or  unidirectional  links  which  operate  si- 
multaneously.  No  interference  results  because  the 
two  links  operate  independently  from  one  another. 
For  example,  one  link  may  use  an  entirely  separate 
set  of  wires  or  fibers  from  the  other  link,  or  one  link 
may  use  an  entirely  separate  frequency  band  or 
set  of  frequencies  from  the  other  link.  With  full 
duplex  operation,  each  party  transmits  over  one 
link  while  simultaneously  receiving  over  the  other 
link.  Half  duplex  operation  utilizes  only  a  single  link. 
Communication  may  travel  in  either  direction  over 
this  single  link  so  long  as  it  travels  in  only  one 
direction  at  a  time.  Interference  is  avoided  because 
nodes  which  utilize  the  link  refrain  from  transmitting 
and  receiving  at  the  same  time. 

Full  duplex  operation  is  often  preferred  over 
half  duplex  operation.  Assuming  that  a  single  half 
duplex  link  and  the  two  simplex  links  used  by  a  full 
duplex  operation  have  the  same  capacity,  a  greater 
amount  of  data  may  be  communicated  using  full 
duplex  operation.  Moreover,  with  full  duplex  opera- 
tion,  link  management  and  timing  concerns  be- 
come  trivial.  On  the  other  hand,  with  half  duplex 
operation  the  communication  system  must  devise 
schemes  to  determine  when  to  allow  different 
nodes  to  transmit  over  the  link. 

When  RF  communication  links  are  established 
through  space,  and  particularly  outer  space,  the 
desirability  of  full  duplex  operation  fades.  For  ex- 
ample,  even  though  two  simplex  links  may  utilize 
different  portions  of  the  spectrum,  transmission  cir- 
cuits  adapted  to  operate  in  one  portion  of  the 
spectrum  must  be  isolated  from  receive  circuits 

that  are  adapted  to  operate  in  another  portion  of 
the  spectrum.  This  isolation  is  often  accomplished 
at  the  cost  of  massive  shielding  and  increased 
circuit  complexity.  When  the  node  operating  one 

5  end  of  the  link  is  a  satellite,  the  weight  of  shielding 
and  increased  circuit  complexity  can  make  satellite 
costs  excessive. 

Moreover,  when  a  node  operates  more  than 
one  bi-directional  link,  the  total  number  of  indepen- 

io  dent  spectrum  bands  needed  to  carry  non-interfer- 
ing  communications  increases.  Thus,  a  given 
amount  of  spectrum  may  be  divided  into  a  greater 
number  of  closely  spaced  independent  frequency 
bands.  As  the  number  of  frequency  bands  in- 

75  creases,  so  do  the  isolation  problems  discussed 
above. 

While  conventional  half  duplex  operation  does 
not  suffer  from  the  isolation  problems  associated 
with  full  duplex  operation,  it  has  its  own  problems. 

20  The  half  duplex  requirement  that  only  one  node 
use  the  link  at  a  time  results  in  an  inefficient  use  of 
the  link.  Nodes  may  be  required  to  wait  between 
transmitting  one  communication  and  receiving  an- 
other.  The  wait  is  imposed  by  the  time  it  takes  the 

25  communications  to  travel  between  nodes,  and  is 
often  greater  than  the  duration  of  a  communication 
signal's  round  trip  between  the  nodes.  For  exam- 
ple,  a  first  node  that  has  just  completed  a  first 
transmission  into  a  link  must  wait  for  a  second 

30  node  to  finish  receiving  the  first  transmission,  for 
the  second  node  to  begin  a  second  transmission, 
and  for  the  second  transmission  to  reach  the  first 
node,  before  receiving  data  from  the  link.  When 
nodes  are  located  hundreds  or  thousands  of  miles 

35  apart,  this  wait  can  impose  significant  delays  on 
communication.  Moreover,  as  more  nodes  engage 
in  half  duplex  communication  among  each  other, 
the  amount  of  data  that  can  be  delivered  between 
any  two  nodes  decreases. 

40 
SUMMARY  OF  THE  INVENTION 

Accordingly,  it  is  an  advantage  of  the  present 
invention  that  an  improved  bi-directional  commu- 

45  nication  system  and  method  are  provided. 
Another  advantage  of  the  present  invention  is 

that  a  bi-directional  communication  system  and 
method  are  provided  which  are  free  from  the  isola- 
tion  problems  associated  with  full  duplex  operation. 

50  Another  advantage  of  the  present  invention  is 
that  a  bi-directional  communication  system  and 
method  are  provided  which  reduces  the  inefficien- 
cies  of  half  duplex  operation. 

Another  advantage  of  the  present  invention  is 
55  that  a  bi-directional  communication  system  and 

method  are  provided  which  can  be  implemented 
using  simple  circuit  designs  and  which  is  suitable 
for  implementation  in  satellites. 
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The  above  and  other  advantages  of  the  present 
invention  are  carried  out  in  one  form  by  a  method 
of  communicating  data  between  first  and  second 
nodes  through  a  communication  channel.  The 
method  calls  for  transmitting,  beginning  at  a  first 
point  in  time,  first  data  into  the  channel  from  the 
first  node.  Beginning  at  substantially  the  first  point 
in  time,  second  data  is  transmitted  into  the  channel 
from  a  second  node.  The  first  data  is  received  from 
the  channel,  starting  at  a  second  point  in  time,  at 
the  second  node.  The  second  data  is  received  from 
the  channel,  starting  at  substantially  the  second 
point  in  time,  at  the  first  node. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

A  more  complete  understanding  of  the  present 
invention  may  be  derived  by  referring  to  the  de- 
tailed  description  and  claims  when  considered  in 
connection  with  the  Figures,  wherein  like  reference 
numbers  refer  to  similar  items  throughout  the  Fig- 
ures,  and: 

FIG.  1  shows  a  layout  diagram  of  an  environ- 
ment  within  which  one  embodiment  of  the 
present  invention  is  practiced; 
FIG.  2  shows  a  layout  diagram  of  communica- 
tion  links  between  nodes  of  a  communication 
network; 
FIG.  3  shows  a  block  diagram  of  a  node  of  the 
communication  network; 
FIG.  4  shows  a  timing  diagram  depicting  bi- 
directional  communication  in  accordance  with  a 
first  embodiment  of  the  present  invention; 
FIG.  5  shows  a  timing  diagram  depicting  bi- 
directional  communication  in  accordance  with  a 
second  embodiment  of  the  present  invention; 
FIG.  6  shows  a  flow  chart  of  a  Control  procedure 
performed  by  nodes  of  the  communication  net- 
work; 
FIG.  7  shows  a  flow  chart  of  a  Begin  Frame 
procedure  performed  by  nodes  of  the  commu- 
nication  network;  and 
FIG.  8  shows  a  block  diagram  of  data  commu- 
nicated  between  nodes  of  the  communication 
network. 

DETAILED  DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

FIG.  1  illustrates  a  satellite-based  communica- 
tion  network  10.  Network  10  is  dispersed  over  the 
earth  through  the  use  of  several  above-the-earth 
communication  nodes,  such  as  orbiting  satellites 
12.  In  the  preferred  embodiment,  satellites  12  oc- 
cupy  polar,  low-earth  orbits  14.  In  particular,  the 
preferred  embodiment  of  network  10  uses  seven 
polar  orbits,  with  each  orbit  holding  eleven  sat- 
ellites  12.  For  clarity,  FIG.  1  illustrates  only  a  few  of 

these  satellites  12. 
Orbits  14  and  satellites  12  are  distributed  ar- 

ound  the  earth.  Each  orbit  14  encircles  the  earth  at 
an  altitude  of  around  765  km.  Due  to  these  low- 

5  earth  orbits  14,  satellites  12  travel  with  respect  to 
the  earth  at  around  25,000  km/hr.  Together,  sat- 
ellites  12  form  a  constellation  in  which  satellites  12 
remain  relatively  stationary  with  respect  to  one 
another,  except  for  their  orbits  converging  and 

io  crossing  over  each  other  in  the  polar  regions.  In 
particular,  each  satellite  12  resides  a  distance  of 
around  4000  km  from  its  neighboring  satellites  12 
in  the  same  orbital  plane  14,  and  electromagnetic 
signals  require  approximately  13.4  msec  to  travel 

is  this  distance.  This  in-plane  distance  and  corre- 
sponding  signal  propagation  time  remain  relatively 
constant. 

FIG.  2  presents  a  static,  two  dimensional  map 
of  the  relative  orientation  of  satellites  12.  With 

20  reference  to  FIGs.  1-2,  at  any  given  instant  sat- 
ellites  12  in  even  orbital  planes  14a  reside  at 
approximately  the  same  latitudes  on  one  side  of 
the  earth.  Likewise,  satellites  12  reside  at  approxi- 
mately  the  same  latitudes  on  one  side  of  the  earth 

25  for  all  odd  planes  14b.  However,  odd-plane  sat- 
ellites  12  are  positioned  out-of-phase  with  even- 
plane  satellites  12.  At  any  given  instant,  the  lati- 
tudes  of  odd-plane  satellites  12  are  approximately 
half  way  between  the  latitudes  for  nearby  even- 

30  plane  satellites  12. 
A  line-of-sight  exists  between  each  satellite  12 

and  fore  and  aft  satellites  12  in  the  same  plane  14, 
and  fore  and  aft  satellites  12  in  adjacent  planes. 
The  preferred  embodiment  employs  RF  commu- 

35  nications,  preferably  in  the  20-30  GHz  range,  to 
establish  communication  links  16  between  each 
satellite  12  and  its  neighbor  satellites  12.  With 
reference  to  FIG.  2,  up  to  six  line-of-sight,  bi- 
directional,  RF  communication  links  16  are  sup- 

40  ported  for  each  satellite  12.  As  shown  in  FIG.  2, 
fore  and  aft  links  16a  and  16b  exist  between  a 
satellite  12x  and  the  preceding  and  following  sat- 
ellites  12a  and  12b,  respectively,  orbiting  in  the 
same  plane  14  (i.e.  in-plane  satellites).  Fore-right 

45  and  aft-right  links  16c  and  16d  exist  between  sat- 
ellite  12x  and  the  preceding  and  following  satellites 
12c  and  12d,  respectively,  orbiting  in  a  right  side 
adjacent  plane  14  (i.e.  cross-plane  satellites).  Like- 
wise,  fore-left  and  aft-left  links  16e  and  16f  exist 

50  between  satellite  12x  and  the  preceding  and  follow- 
ing  satellites  12e  and  12f,  respectively,  orbiting  in  a 
left  side  adjacent  plane  14.  Each  satellite  12  illus- 
trated  in  FIG.  2  supports  a  similar  orientation  of 
links  16.  In  the  preferred  embodiment,  all  of  RF 

55  links  16a-16f  for  each  satellite  12  utilize  the  same 
frequency  spectrum,  and  all  links  16a-16f  transmit 
and  receive  communications  over  this  spectrum. 

3 
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With  reference  back  to  FIG.  1,  the  distance 
between  satellites  12  in  adjacent  orbits  14  varies 
with  latitude.  The  greatest  distance  between  cross- 
plane  satellites  12  exists  at  the  equator.  This  dis- 
tance  decreases  as  satellites  12  approach  the  polar 
regions.  Electromagnetic  signals  require  between  7 
and  13  msec,  depending  on  the  latitude,  to  travel 
between  nearby  cross-plane  satellites  12. 

While  FIGs.  1-2  and  the  above-presented  dis- 
cussion  describe  a  preferred  orbital  geometry  for 
network  10,  those  skilled  in  the  art  will  appreciate 
that  the  communication  nodes  which  each  satellite 
12  provides  need  not  be  positioned  as  described 
herein.  For  example,  such  nodes  may  be  located 
on  the  surface  of  the  earth  or  in  orbits  other  than 
those  described  herein.  Likewise,  the  precise  num- 
ber  of  nodes  may  vary  from  network  to  network. 

Satellites  12  communicate  with  devices  on  the 
ground  through  many  central  switching  offices 
(CSOs)  18,  of  which  FIG.  1  shows  only  one,  a  few 
ground  control  stations  (GCSs)  20,  of  which  FIG.  1 
shows  only  one,  and  any  number  of  radiocom- 
munication  subscriber  units  22,  of  which  one  is 
shown  in  FIG.  1.  Subscriber  units  22  may  be  lo- 
cated  anywhere  on  the  face  of  the  earth.  CSOs  18 
are  preferably  distributed  over  the  surface  of  the 
earth  in  accordance  with  geo-political  boundaries. 
GCSs  20  preferably  reside  in  extreme  northern  or 
southern  latitudes,  where  the  convergence  of  orbits 
14  causes  a  greater  number  of  satellites  12  to 
come  within  direct  line-of-sight  view  of  a  single 
point  on  the  surface  of  the  earth  with  respect  to 
more  equatorial  latitudes.  Preferably,  around  four 
GCSs  20  are  used  so  that  all  satellites  12  in  the 
constellation  may  at  some  point  in  their  orbits  14 
come  within  direct  view  of  their  assigned  GCS  20. 

Nothing  prevents  CSOs  18  and  GCSs  20  from 
being  located  together  on  the  ground.  However, 
CSOs  18  serve  a  different  function  from  that  of 
GCSs  20.  GCSs  20  preferably  perform  telemetry, 
tracking,  and  control  (TT&C)  functions  for  the  con- 
stellation  of  satellites  12. 
Preferably,  CSOs  18  operate  as  communication 
nodes  in  network  10.  Diverse  terrestrial-based  com- 
munications  systems,  such  as  the  worldwide  public 
switched  telecommunications  network  (not  shown), 
may  access  network  10  through  CSOs  18.  Due  to 
the  configuration  of  the  constellation  of  satellites 
12,  at  least  one  of  satellites  12  is  within  view  of 
each  point  on  the  surface  of  the  earth  at  all  times. 
Accordingly,  network  10  may  establish  a  commu- 
nication  circuit  through  the  constellation  of  satellites 
12  between  any  two  subscriber  units  22,  between 
any  subscriber  unit  22  and  a  CSO  18,  or  between 
any  two  CSOs  18. 

FIG.  3  shows  a  block  diagram  of  a  communica- 
tion  node,  for  example  a  satellite  12,  used  by 
network  10  (see  FIG.  1).  Satellite  12  includes  any 

number  of  transceivers.  For  example,  one  tran- 
sceiver  24  serves  each  link  16.  Thus,  transceivers 
24a-24f  correspond  to  links  16a-16f,  respectively 
(see  FIG.  2).  In  addition,  satellite  12  includes  an 

5  earth-link  transceiver  26  and  a  subscriber-unit  tran- 
sceiver  28.  Satellite  12  communicates  with  CSOs 
18  and  GCSs  20  (see  FIG.  1)  through  transceiver 
26,  and  with  subscriber  units  22  (see  FIG.  1) 
through  transceiver  28. 

io  Each  of  transceivers  24,  26,  and  28  couple  to 
corresponding  antennas  30,  32,  and  34,  respec- 
tively.  Of  antennas  30,  32,  and  34,  at  least  anten- 
nas  30a-30f  are  preferably  directional  antennas 
which  may  be  oriented  for  maximum  signal 

is  strength  in  the  line-of-sight  direction  corresponding 
to  links  16a-16f  (see  FIG.  2),  respectively. 

Each  transceiver  24  may  include  various  sub- 
components  common  in  the  art,  as  illustrated  in 
connection  with  fore-left  transceiver  24e.  For  exam- 

20  pie,  each  transceiver  24  may  include  a  receiver  36 
and  a  transmitter  38.  Each  receiver  36  couples  to 
an  input  buffer  40,  into  which  input  data  is  placed 
after  the  data  are  received  at  satellite  12  and 
demodulated.  Each  transmitter  38  couples  to  an 

25  output  buffer  42,  from  which  data  are  obtained  for 
modulation  and  radiation  or  broadcasting  away 
from  satellite  12.  Desirably,  all  data  placed  in  buff- 
ers  40-42  during  one  frame  are  disposed  of  by  the 
end  of  the  next  frame.  Thus,  input  buffers  40  and 

30  output  buffers  42  are  held  to  a  minimal  configura- 
tion. 

In  accordance  with  the  preferred  embodiment 
of  the  present  invention,  receivers  36  and  transmit- 
ters  38  for  each  transceiver  24  operate  in  the  same 

35  frequency  band.  Moreover,  receivers  36  operate  at 
different  times  than  transmitters  38.  Thus,  receivers 
36  and  transmitters  38  may  advantageously  share 
numerous  components,  such  as  oscillators,  timing 
circuits,  and  the  like  (not  shown)  to  simplify  satellite 

40  design.  Moreover,  since  receivers  36  are  not  re- 
quired  to  receive  data  while  transmitters  38  are 
operating,  a  minimal  amount  of  isolation  shielding 
is  required.  The  simplified  satellite  design,  reduc- 
tion  in  shielding,  and  minimal  data  buffering  lowers 

45  satellite  weight,  improves  reliability,  and  reduces 
costs  associated  with  satellites  12  within  network 
10  (see  FIG.  1). 

In  the  preferred  embodiment  of  the  present 
invention,  transceivers  26  and  28  need  not  utilize 

50  the  same  frequency  spectrum  as  transceivers  24. 
Preferably,  transceivers  26  and  28  operate  at  fre- 
quencies  which  are  sufficiently  removed  from  the 
spectrum  of  transceivers  24  so  that  only  a  minimal 
amount  of  isolation  shielding  is  required. 

55  Transceivers  24,  26,  and  28,  along  with  various 
memory  components  and  a  timer  44,  couple  to  a 
processor  46.  Processor  46  may  be  implemented 
using  a  single  processor  or  multiple  processors 

4 
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operated  in  a  parallel  architecture.  Generally  speak- 
ing,  processor  46  coordinates  and  controls  tran- 
sceivers  24  so  that  satellite  12  receives  data  com- 
munications  from  links  16,  appropriately  distributes 
the  received  communications  among  output  buffers 
42,  and  transmits  the  communications  back  out  into 
links  16.  Data  communications  are  also  received 
from  and  transmitted  to  the  surface  of  the  earth  via 
transceivers  26  and  28.  Timer  44  is  utilized  to 
synchronize  processor  46  and  satellite  12  with  tim- 
ing  constraints  imposed  by  network  10  (see  FIG. 
1). 

The  memory  components  include  a  duration 
table  48.  Table  48  associates  durations  with  lati- 
tudes  in  a  one  to  one  correspondence.  Thus,  by 
supplying  a  latitude  to  table  48  a  duration  may  be 
obtained.  In  alternate  embodiments,  table  48  asso- 
ciates  durations  with  time  values,  distances  with 
latitudes,  distances  with  time  values,  or  the  like. 
Regardless  of  the  selected  embodiment,  by  sup- 
plying  a  key  which  corresponds  to  a  satellite's 
location,  table  48  provides  data  that  corresponds  to 
the  duration  required  for  an  electromagnetic  signal 
to  propagate  from  satellite  12  to  a  nearby  satellite 
12  along  cross-plane  links  16c-16f  (see  FIG.  2). 
These  duration  data  are  responsive  to  the  dis- 
tances  between  satellite  12  and  nearby  satellites  12 
at  the  indicated  latitudes.  These  data  may  directly 
represent  the  duration,  or  they  may  represent  the 
distance  which  can  be  divided  by  the  speed  of 
signal  propagation  to  produce  the  duration.  The 
data  used  as  a  key  may  directly  represent  latitude 
or  they  may  represent  a  point  in  time  that  cor- 
responds  to  a  particular  point  in  the  orbit  of  a 
satellite  12. 

The  memory  components  also  include  other 
memory  50.  Memory  50  includes  data  which  serve 
as  instructions  to  processor  46  and  which,  when 
executed  by  processor  46,  cause  satellite  12  to 
carry  out  procedures  that  are  discussed  below. 
Memory  50  also  includes  other  variables,  tables, 
and  databases  that  are  manipulated  due  to  the 
operation  of  satellite  12. 

FIGs.  4  and  5  show  timing  diagrams  that  illus- 
trate  bi-directional  communication  in  accordance 
with  the  present  invention.  FIG.  4  depicts  a  first 
embodiment  of  the  present  invention  and  FIG.  5 
depicts  a  second  embodiment  of  the  present  inven- 
tion.  Each  of  FIGs.  4-5  depicts  only  a  single  link  16 
(see  FIGs.  1-2).  Nevertheless,  the  timing  illustrated 
therein  applies  to  all  links  16  within  network  10  (see 
FIG.  1).  In  other  words,  all  links  16  within  network 
10  operate  substantially  as  depicted  in  FIGs.  4-5. 

With  reference  to  FIG.  4,  two  satellites  12  that 
are  communicating  with  each  other,  such  as  sat- 
ellite  12x  and  one  of  satellites  12a-12f  (see  FIG.  2), 
communicate  using  constant  duration  frames  52. 
The  constant  frame  duration  is  maintained  through- 

out  network  10  to  minimize  the  data  buffering 
needed  within  satellites  12  and  to  simplify  satellite 
design.  The  duration  of  frames  52  may,  for  exam- 
ple,  be  around  30  msec.  Each  frame  begins  at  the 

5  same  instant  54  for  all  satellites  12  within  network 
10. 

Approximately  half  of  each  frame  52  is  dedi- 
cated  to  transmitting  data  into  link  16,  and  a  dif- 
ferent  half  of  each  frame  52  is  dedicated  to  receiv- 

io  ing  data  from  link  16.  Each  of  satellites  12a  and 
12b  begins  transmitting  data  communications  into 
link  16  at  substantially  the  same  instant  and  contin- 
ues  transmitting,  during  a  transmit  slot  56,  for  the 
same  duration.  Due  to  the  communications'  finite 

is  speed  of  propagation  and  the  distance  between 
satellites  12,  the  communications  require  a  certain 
duration  to  propagate  to  the  other  node  of  the  link 
16.  In  accordance  with  the  above-discussed  orbital 
geometry,  this  duration  remains  constant  at  around 

20  13.4  msec  for  a  link  16  between  in-plane  satellites 
12a-12b  (see  FIG.  2).  This  duration  varies  between 
7  and  13  msec  for  a  link  16  between  cross-plane 
satellites  12c-12f  (see  FIG.  2),  depending  on  the 
latitude  of  the  satellites  12. 

25  Time  slot  56  is  configured  so  that  transmission 
from  each  satellite  12  ceases  before  the  signal 
from  the  opposing  party  to  the  link  16  arrives.  After 
halting  transmission,  each  of  the  nodes  operate  in 
a  receive  mode,  and  the  other  party's  transmitted 

30  communication  is  received  during  a  receive  slot  58. 
In  the  embodiment  of  the  present  invention 

depicted  in  FIG.  4,  data  transmitted  from  satellite 
12x  during  the  beginning  of  a  frame  52  are  re- 
ceived  at  satellites  12a-12f  during  the  end  of  the 

35  same  frame  52,  and  data  transmitted  from  satellites 
12a-12f  during  the  beginning  of  this  same  frame  52 
are  received  at  satellite  12x  during  the  end  of  the 
same  frame  52. 

In  accordance  with  the  FIG.  5  embodiment, 
40  data  transmitted  from  satellites  12  during  the  be- 

ginning  of  a  frame  52  are  received  at  the  opposing 
nodes  during  the  end  of  either  the  same  frame  52 
or  a  subsequent  frame  52.  The  quantity  of  interven- 
ing  frames  52  between  when  a  communication  is 

45  sent  from  one  node  and  received  at  another  node 
depends  on  the  distance  between  the  nodes.  Zero 
or  more  intervening  frames  are  interposed  when 
propagation  delays  warrant.  With  the  second  em- 
bodiment,  the  length  of  frame  52  may  be  reduced 

50  from  that  discussed  above  in  connection  with  the 
FIG.  4  embodiment,  for  example  to  around  15 
msec.  The  reduction  in  frame  size  reduces  an 
overall  end-to-end  delay  of  a  communication  prop- 
agating  through  network  10  in  exchange  for  chan- 

55  nel  capacity  when  satellites  12  are  located  certain 
discrete  distances  apart. 

FIG.  6  shows  a  flow  chart  of  a  Control  proce- 
dure  60  performed  by  a  single  satellite  12.  Proce- 

5 
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dure  60  causes  satellite  12  to  become  synchro- 
nized  to  an  external  timing  signal.  Those  skilled  in 
the  art  will  appreciate  that,  while  procedure  60  is 
described  for  a  single  satellite  12,  each  of  satellites 
12  desirably  performs  substantially  the  same  pro- 
cedure.  Generally  speaking,  Control  procedure  60 
is  invoked  when  a  TT&C  command  is  received 
from  a  GCS  20  (see  FIG.  1).  TT&C  may  involve 
numerous  diverse  commands,  such  as  orbit  control 
commands,  diagnostics  commands,  and  program- 
ming  commands,  to  name  a  few. 

Such  TT&C  commands  may  additionally  in- 
clude  a  synchronizing  command.  When  the  syn- 
chronizing  command  is  detected,  as  indicated  at  a 
query  task  62,  program  control  retrieves  data  from 
the  synchronizing  command  and  programs  timer 
44  (see  FIG.  3)  in  response  to  synchronization  data 
carried  by  the  command,  as  shown  in  a  task  64.  In 
the  preferred  embodiment,  satellites  12  orbit  the 
earth  once  approximately  every  100  minutes.  Thus, 
they  are  over  a  GCS  20  once  every  100  minutes 
and  may  synchronize  their  internal  time  to  the 
system  time  for  network  10  every  100  minutes. 
With  every  satellite  12  performing  substantially  the 
same  procedure,  the  internal  timers  44  of  all  sat- 
ellites  12  recognize  a  given  point  in  time  at  sub- 
stantially  the  same  instant.  In  the  preferred  embodi- 
ment,  timers  44  for  all  of  satellites  12  remain  syn- 
chronized  to  within  50  microseconds  of  one  an- 
other.  After  synchronization,  procedure  60  may  en- 
gage  in  other  TT&C  activities  not  related  to  the 
present  invention.  Due  to  the  operation  of  proce- 
dure  60,  all  satellites  12  within  network  10  recog- 
nize  instant  54  (see  FIGs.  4-5),  denoting  the  begin- 
ning  of  a  frame,  at  substantially  the  same  actual 
point  in  time  for  all  frames  52. 

FIG.  7  shows  a  flow  chart  of  a  Begin  Frame 
procedure  66  performed  by  a  single  satellite  12. 
Procedure  66  causes  satellite  12  to  communicate 
in  the  fashion  illustrated  in  FIGs.  4-5.  Those  skilled 
in  the  art  will  appreciate  that,  while  procedure  66  is 
described  for  a  single  satellite  12,  each  of  satellites 
12  desirably  performs  substantially  the  same  pro- 
cedure.  Procedure  66  may  be  initiated  in  response 
to  the  beginning  of  each  frame  52  (see  FIGs.  4-5). 
Procedure  66  may,  for  example,  be  initiated  by  an 
interrupt  supplied  by  timer  44  (see  FIG.  3).  Proce- 
dure  66  continuously  repeats  as  a  continuous 
stream  of  frames  52  are  processed  at  satellite  12. 
Moreover  each  satellite  12  begins  procedure  66  at 
substantially  the  same  instant  in  time  since  all 
satellites  12  are  synchronized,  as  discussed  above. 

Procedure  66  performs  a  task  68  to  determine 
the  durations  for  transmit  slots  56  (see  FIGs.  4-5). 
As  discussed  above,  each  transmit  slot  56  lasts  for 
a  duration  slightly  less  than  the  time  it  takes  for  a 
communication  to  propagate  through  a  link  16. 
Since  each  satellite  12  supports  a  plurality  of  links 

16,  a  plurality  of  durations  are  determined  in  task 
68.  In  plane  links  16a  and  16b  (see  FIG.  2)  have  a 
substantially  constant  propagation  delay  because 
the  satellites  12  terminating  these  links  16  remain  a 

5  substantially  constant  distance  apart.  Thus,  the  cor- 
responding  durations  may  be  obtained  by  retriev- 
ing  a  predetermined  constant,  for  example  13.4 
msec,  from  memory  50  (see  FIG.  3). 

On  the  other  hand,  the  propagation  delay  for 
w  links  16  to  satellites  12c-12f  (see  FIG.  2)  in  other 

orbits  14  varies  as  these  other  orbits  14  converge 
near  the  polar  regions  (see  FIG.  1).  Thus,  the 
corresponding  durations  for  these  cross-plane  links 
16  may  be  obtained  by  a  table  look-up  operation 

is  using  duration  table  48  (see  FIG.  3).  The  resulting 
duration  will  represent  a  period  of  time  sightly  less 
than  the  distance  between  satellites  12  divided  by 
the  speed  of  propagation  for  a  signal,  which  is 
approximately  the  speed  of  light  in  the  preferred 

20  embodiment. 
After  task  68,  a  task  70  disables  the  receivers 

36  of  the  transceivers  24  (see  FIG.  3)  serving  the 
corresponding  links  16a-16f  (see  FIG.  2).  All  receiv- 
ers  36  of  transceivers  24  are  disabled  in  prepara- 

25  tion  for  an  upcoming  transmit  slot  56  (see  FIGs.  4- 
5),  when  transmitters  38  (see  FIG.  3)  will  be  active. 

After  task  70,  a  task  72  waits,  without  transmit- 
ting  data,  until  the  beginning  of  the  upcoming 
transmit  slot  56.  Task  72  is  performed  indepen- 

30  dently  for  each  link  16  of  satellite  12.  Thus,  dif- 
ferent  wait  times  may  be  used  in  connection  with 
different  ones  of  links  16a-16f.  The  wait  times  can 
be  determined  from  the  duration  values  obtained 
above  in  task  68.  In  the  preferred  embodiment,  the 

35  beginning  of  transmit  slot  56  is  delayed  within  the 
half  of  frame  52  dedicated  to  transmitting  data  so 
that  the  first  data  transmitted  arrives  at  the  opposite 
end  of  a  link  16  at  the  beginning  of  the  receive 
portion  of  frame  52.  This  wait  corresponds  to  a  link 

40  path  delay  (LPD)  74  shown  in  FIGs.  4-5.  The  dura- 
tion  of  LPD  74  is  determined  by  subtracting  the 
transmission  duration  from  the  duration  of  the 
transmission  portion  of  frame  52. 

After  task  72,  for  each  link  16  a  task  76  initiates 
45  the  transmission  of  data  into  the  link  16.  Task  76 

denotes  the  start  of  transmit  slot  56  (see  FIGs.  4- 
5).  After  task  76,  a  task  78  continues  transmissions 
for  the  corresponding  links  16  through  the  duration 
of  transmit  slot  56,  and  a  task  80  halts  transmission 

50  into  each  link  at  the  end  of  time  slots  56  for  the 
links  16.  Transmission  into  each  link  16a-16f 
ceases  at  substantially  the  same  instant  for  all 
satellites  12.  This  instant  should  occur  just  prior  to 
the  beginning  of  receive  slot  58.  A  transmit/receive 

55  time  buffer  82  illustrated  in  FIGs.  4-5  is  provided  to 
compensate  for  any  error  in  synchronization  be- 
tween  the  various  satellites  12  of  network  10. 

6 
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After  task  80  halts  transmissions,  a  task  84 
enables  receivers  36  of  transceivers  24  for  the 
upcoming  receive  slot  58.  Receivers  36  are  oper- 
ational  by  the  end  of  time  buffer  82  (see  FIGs.  4- 
5),  and  a  task  86  is  performed  for  each  link  16 
supported  by  satellite  12  to  receive  any  data  di- 
rected  thereto  through  the  links  16.  Task  86  re- 
ceives  data  from  the  various  links  16  and  routes 
this  data  to  appropriate  output  buffers  42  (see  FIG. 
3). 

FIG.  8  shows  a  block  diagram  of  data  commu- 
nicated  between  nodes  in  network  10.  These  data 
may  desirably  be  formatted  into  packets  88,  with 
each  packet  88  including  a  header  portion  90  and  a 
payload  portion  92.  Header  90  includes  routing 
data  and  any  other  network  control  data  which 
network  10  may  deem  useful  in  providing  commu- 
nication  services.  Payload  portion  92  includes  the 
data  being  communicated  by  network  10. 

Referring  back  to  FIG.  7,  during  task  86  pro- 
cessor  46  examines  headers  92  to  determine 
where  to  route  the  corresponding  packets  88.  After 
making  this  determination,  the  packets  88  are 
placed  in  the  output  buffers  42  (see  FIG.  3)  asso- 
ciated  with  those  links  16  that  get  the  packets  88  to 
their  intended  destinations.  Alternatively,  some  of 
headers  92  may  indicate  that  their  corresponding 
packets  88  should  be  routed  through  earth-link  or 
subscriber-unit  transceivers  26  or  28,  respectively, 
(see  FIG.  3)  for  delivery. 

Task  86  continues  throughout  receive  slot  58 
(see  FIGs.  4-5).  As  discussed  above,  data  were 
transmitted  only  during  transmit  slot  56,  and  slot  56 
is  shorter  than  the  half  of  frame  52  that  is  dedi- 
cated  to  transmitting  data.  Consequently,  receive 
slot  58  ends  prior  to  the  end  of  the  half  of  frame  52 
dedicated  to  receiving  data  and  prior  to  the  end  of 
frame  52.  A  route  time  slot  94  remains  within  frame 
52  after  receive  slot  58.  Route  time  slot  94  may  be 
used  by  processor  46  (see  FIG.  3)  to  continue  the 
routing  of  all  data  received  during  receive  slot  58 
(see  FIGs.  4-5)  in  preparation  for  the  next  transmit 
slot  56  of  the  next  frame  52. 

After  completion  of  task  86,  program  control 
stops  or  performs  other  tasks  not  related  to  the 
present  invention.  However,  when  the  next  frame 
52  begins,  process  66  repeats. 

In  summary,  the  present  invention  provides  an 
improved  bi-directional  communication  system  and 
method.  The  system  and  method  of  the  present 
invention  avoids  the  isolation  problems  associated 
with  full  duplex  operation  because  receivers  are  not 
required  to  operate  at  the  same  time  that  transmit- 
ters  are  operating.  Moreover,  the  system  and  meth- 
od  of  the  present  invention  avoids  the  control  and 
delay  problems  associated  with  conventional  half 
duplex  operation.  Control  is  maintained  because  all 
satellites  12  operate  synchronously  in  accordance 

with  an  externally  supplied  system  time.  Signal 
delay  is  minimized  because  both  parties  to  a  link 
transmit  simultaneously.  Thus,  the  links  simulta- 
neously  support  communications  traveling  in  op- 

5  posite  directions. 
Furthermore,  the  system  and  method  of  the 

present  invention  simplify  satellite  design.  Little 
shielding  is  required  for  isolation  purposes  because 
transmitters  and  receivers  do  not  operate  simulta- 

io  neously.  Relatively  little  data  buffering  is  required 
because  constant  duration  frames  are  utilized  and 
all  data  are  routed  through  a  satellite  within  a  single 
frame.  Moreover,  many  circuit  components  may  be 
shared  between  the  various  transmitters  and  re- 

15  ceivers  utilized  to  support  a  plurality  of  commu- 
nication  links.  The  simplicity  in  satellite  design  re- 
duces  weight  and  power  consumption  and  im- 
proves  reliability,  all  of  which  lead  to  reduced  sat- 
ellite  costs. 

20  The  present  invention  has  been  described 
above  with  reference  to  preferred  embodiments. 
However,  those  skilled  in  the  art  will  recognize  that 
changes  and  modifications  may  be  made  in  these 
preferred  embodiments  without  departing  from  the 

25  scope  of  the  present  invention.  For  example,  those 
skilled  in  the  art  will  appreciate  that  the  orbital 
geometry,  timing,  and  distance  values  discussed 
herein  are  presented  as  examples  only,  and  that 
the  teaching  of  the  present  invention  applies  to 

30  network  nodes  which  may  or  may  not  move,  which 
may  have  a  different  geometry,  and  which  may  be 
characterized  with  different  timing  and  distance  val- 
ues.  These  and  other  changes  and  modifications 
which  are  obvious  to  those  skilled  in  the  art  are 

35  intended  to  be  included  within  the  scope  of  the 
present  invention. 

Claims 

40  1.  A  method  of  communicating  data  wherein  said 
data  are  communicated  between  first  and  sec- 
ond  nodes  (12)  through  a  communication 
channel  (16),  said  method  comprising  the 
steps  of: 

45  a)  transmitting  (76),  beginning  at  a  first  point 
in  time,  first  data  into  said  channel  (16)  from 
said  first  node; 
b)  transmitting  (72-76),  beginning  at  sub- 
stantially  said  first  point  in  time,  second 

50  data  into  said  channel  from  said  second 
node; 
c)  receiving  (86),  beginning  at  a  second 
point  in  time  which  occurs  after  said  first 
point  in  time,  said  first  data  from  said  chan- 

55  nel  at  said  second  node;  and 
d)  receiving  (86),  beginning  at  substantially 
said  second  point  in  time,  said  second  data 
from  said  channel  at  said  first  node. 

7 
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A  method  as  claimed  in  Claim  1  additionally 
comprising  the  steps  of: 

halting  transmission  of  said  first  data  from 
said  first  node  prior  to  said  second  point  in 
time;  and  5 

halting  transmission  of  said  second  data 
from  said  second  node  prior  to  said  second 
point  in  time  (82). 

A  method  as  claimed  in  Claim  1  wherein  said  10 
first  and  second  nodes  have  first  and  second 
timers  (44),  respectively,  and  said  method  ad- 
ditionally  comprises  the  step  of  synchronizing 
said  first  and  second  timers  so  that  both  timers 
indicate  the  occurrence  of  said  first  and  sec-  is 
ond  points  in  time  (54)  at  substantially  the 
same  instant. 

A  method  as  claimed  in  Claim  1  wherein  said 
steps  (a)  through  (d)  define  a  single  frame  20 
(52),  and  said  method  additionally  comprises 
the  steps  of: 

repeating  said  steps  (a)  through  (d)  to 
communicate  data  for  a  plurality  of  frames;  and 

configuring  said  steps  (a)  through  (d)  in  25 
each  frame  so  that  said  frames  (52)  exhibit  a 
substantially  constant  duration. 

A  method  of  exchanging  communications 
through  a  communication  channel  (16)  be-  30 
tween  first  and  second  nodes  (12),  said  com- 
munications  propagating  through  said  channel 
at  a  propagation  speed,  and  said  method  com- 
prising  the  steps  of: 

determining  a  transmission  duration  (68),  35 
said  duration  being  less  than  a  period  of  time 
equal  to  the  distance  between  said  first  and 
second  nodes  divided  by  said  propagation 
speed; 

transmitting  (76),  from  each  of  said  first  40 
and  second  nodes,  a  communication  into  said 
channel,  said  communications  being  transmit- 
ted  from  said  first  and  second  nodes  substan- 
tially  simultaneously  and  said  communications 
being  transmitted  from  said  first  and  second  45 
nodes  for  said  transmission  duration  (78);  and 

receiving  (86),  at  each  of  said  first  and 
second  nodes,  a  communication  from  said 
channel,  said  receiving  step  occurring  while 
said  transmitting  step  is  not  being  performed.  so 

A  method  as  claimed  in  Claim  5  wherein  said 
transmitting  step  transmits  first  communica- 
tions  from  said  first  and  second  nodes  (12), 
and  said  method  additionally  comprises  the  55 
steps  of: 

transmitting,  after  said  receiving  step,  sec- 
ond  communications  into  said  channel  from 

said  first  and  second  nodes,  said  second  com- 
munications  being  transmitted  from  said  first 
and  second  nodes  substantially  simultaneous- 
ly;  and 

receiving,  at  said  first  and  second  nodes 
after  said  second  communications  transmitting 
step,  said  first  communications  from  said  chan- 
nel,  said  first  communications  receiving  step 
occurring  while  said  transmitting  step  is  not 
being  performed. 

7.  A  method  of  operating  a  node  of  a  commu- 
nications  network  (10)  of  spaced  apart  nodes 
(12)  arranged  in  a  predetermined  orientation, 
said  method  comprising  the  steps  of: 

synchronizing  a  timer  portion  (44)  of  said 
node  to  an  external  timing  signal; 

transmitting  a  plurality  of  communications 
over  a  common  frequency  band  to  a  corre- 
sponding  plurality  of  said  network  nodes,  said 
transmitting  step  being  initiated  in  response  to 
said  timer; 

receiving  a  plurality  of  communications 
over  said  frequency  band  from  said  corre- 
sponding  plurality  of  network  nodes,  said  re- 
ceiving  step  being  initiated  in  response  to  said 
timer;  and 

avoiding  performance  of  said  transmitting 
and  receiving  steps  at  the  same  time. 

8.  A  method  as  claimed  in  Claim  7  additionally 
comprising  the  steps  of: 

determining  durations  (68)  for  which  to 
perform  said  transmitting  step  to  said  plurality 
of  network  nodes,  said  durations  (68)  being 
responsive  to  distances  between  said  one 
node  and  said  plurality  of  said  network  nodes; 
and 

timing  said  transmitting  step  (72)  so  that 
each  of  said  communications  continues  for  a 
corresponding  one  of  said  durations  and  so 
that  said  plurality  of  communications  halt  sub- 
stantially  simultaneously  (80). 

9.  A  node  (12)  for  relaying  communications  within 
a  network  of  spaced  apart  nodes  (1  0)  arranged 
in  a  predetermined  orientation,  said  node  com- 
prising: 

a  timer  (44); 
means  for  synchronizing  said  timer  to  an 

external  signal  (26); 
a  plurality  of  transmitters  (38),  each  trans- 

mitter  being  responsive  to  said  timer,  for  si- 
multaneously  transmitting  a  plurality  of  com- 
munications  over  a  common  frequency  band  to 
a  corresponding  plurality  of  said  network 
nodes; 

a  plurality  of  receivers  (36),  each  receiver 

8 
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being  responsive  to  said  timer,  for  simulta- 
neously  receiving  a  plurality  of  communica- 
tions  over  said  frequency  band  from  said  cor- 
responding  plurality  of  network  nodes;  and 

means,  coupled  to  said  transmitters  and  5 
receivers  (46),  for  avoiding  simultaneous  op- 
eration  of  one  of  said  receivers  with  one  of 
said  transmitters. 

10.  A  node  (12)  as  claimed  in  Claim  9  additionally  10 
comprising: 

means  for  determining  durations  (46)  for 
which  to  operate  said  plurality  of  transmitters, 
said  durations  being  responsive  to  distances 
between  said  node  and  said  plurality  of  said  is 
network  nodes;  and 

means,  responsive  to  said  duration  deter- 
mining  means  (48),  for  timing  operation  of  said 
transmitters  so  that  each  of  said  plurality  of 
communications  continues  for  a  corresponding  20 
one  of  said  durations  and  so  that  said  plurality 
of  transmitters  cease  operations  substantially 
simultaneously. 
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